Damage detection based on structural dynamic characteristics, such as natural frequencies and mode shapes, is an important area of research. Obtaining accurate structural dynamic characteristics is perhaps the most challenging aspect. In particular, changes in environmental temperature due to seasonal weather or radiation from sunshine leads to changes in the dynamic characteristics of structures. An important conclusion is that changes in the dynamic characteristics of a structure due to damage may be smaller than changes in the dynamic characteristics due to variations in temperature. Also, damage can affect the frequency response. This is the first study of evaluation of the effect of changes in temperature and multiple damages on natural frequency at the same time. In this paper, the simultaneous effect of the multiple defects and temperature on the natural frequencies of 6063 aluminum alloy beam are assessed numerically. ABAQUS finite element software is used for the numerical analysis. The present paper aims to evaluate the temperature effect and multiple damages on vibration responses. The variations in the frequency have been analysed in simulation by using an aluminum specimen and obtaining impedance signatures at temperatures ranging from −200
Introduction
Many techniques have been proposed to detect and localize structural damage using changes in dynamic characteristics of structures such as natural frequency and mode shape (Xu and Wu, 2007) . Modal parameters such as natural frequencies and mode shapes are sensitive indicators of structural damage. However, they are not only sensitive to damage, but also to environmental conditions such as humidity, wind and, most important, temperature (Meruane and Heylen, 2012) . In particular, changes in environmental temperature due to seasonal weather or radiation from sunshine lead to changes in the dynamic characteristics of structures. An important conclusion is that the changes in dynamic characteristics of the structure due to damage may be smaller than changes in the dynamic characteristics due to variations in temperature (Ralbovsky et al., 2014) . For large structures, such as long-span bridges, damage detection is affected by environmental factors. Significant damage may cause very small changes in dynamic characteristics, and these changes may go undetected due to changes in environmental and operational conditions. These changes have an influence on the dynamic characteristics of the structure. Damage induced dynamic characteristics may be completely masked by changes in dynamic characteristics due to changes in environmental temperature (Xu and Wu, 2007) .
The effect of crack location in the modal frequency of a draft gear used in auto couplers of freight railway wagon for various orientations was investigated by Harak et al. (2015) . They showed that the defect in consecutive pads causes more changed in frequency as compared to a single defective pad. As far as the location of the defective pad is concerned, it is seen that the draft gear frequency is more sensitive to defective pads located either near the housing base plate or top follower (Harak et al., 2015) . The effects of crack ratios and positions on the fundamental frequencies and buckling loads of slender cantilever Euler beams with a singleedge crack are investigated by Karaagaç et al. (2009) . Sayman et al. (2013) presented the effect of interface crack on the free vibration response of a sandwich composite beam experimentally and numerically. They showed that the natural frequency of the torsional mode decreases as the crack length increases (Sayman et al., 2013) . The effect of temperature on damage detection results was detected early. Eigenfrequency changes caused by temperature effects on different structures were described in the works of Peeters and DeRoeck (2001), Farrar et al. (1997) or Ralbovsky et al. (2010) . The effect of temperature was considered as an obstacle for damage detection. Various methods for removing that effect were proposed, for example in the works of DeRoeck et al. (2000) , Hu et al. (2012) and many other scientists (Ralbovsky et al., 2010) . Variations in frequencies are caused mainly by a change in the modulus of a material under different temperatures. Modal frequencies of steel structures, the aluminum beam, and the RC structures decrease by about 0.02, 0.03, and 0.15%, respectively, when temperature increases by one degree Celsius, regardless of modes and structural types. Frequencies of concrete structures are more sensitive to temperature changes than metallic structures (Xia et al., 2012) .
The present paper aims to evaluate the temperature effect and multiple damages on vibration responses. In this study, the frequency changes of a structure caused by multiple defects and temperature changes in the 6063 aluminum alloy beam are studied. The thermally induced changes in dynamic characteristics are compared with those due to damages to the 6063 aluminum alloy beam. The changes caused by temperature have been analyzed based on the following aspects: (1) change of the passion rate of the aluminum alloy; (2) changes of the elastic modulus of the aluminum alloy. Guidelines to predict changes in the frequency and mode shape curvature due to temperature changes in the aluminum alloy have been obtained, which is useful for design purposes (Xu and Wu, 2007) . The remainder of the paper is organized as follows. In Section 2, theory of the temperature effect on natural frequency is discussed. Section 3 is devoted to the process of the evolution effect of multiple defects and temperature changes on structural natural frequency responses. The verification and simulation of the method is discussed in Section 4. Numerical methods and results for evaluation of the temperature effect and multiple damages on vibration responses are presented in Section 5. The conclusion is reported in Section 6.
Theory
Let us consider a rectangular plate which is subjected to an exponential temperature distribution along the length, i.e. in the x-direction (Arun et al., 2014)
where T denotes the temperature excess above the reference temperature at any point at the distance X = x/a and T 0 denotes the temperature excess above the reference temperature at the end, i.e. x = a or X = 1. The temperature dependence of the modulus of elasticity for most of engineering materials is given by Nowacki (1962), (Arun et al., 2014 )
where E 0 is the value of Young's modulus at the reference temperature, i.e. T = 0, and γ is the slope of variation of E with T (Arun et al., 2014) . Taking as the reference temperature, the temperature at the end of the plate, i.e. at X = 1, the modulus variation in view of (2.1) and (2.2) becomes (Arun et al., 2014)
where α = γT 0 (0 − α < 1) is a constant known as the temperature constant. In the above literature, most studies show that an increase in temperature leads to a decrease in structural frequencies, while magnitude varies depending on structures, materials, and temperature range.
Variations in natural frequencies of structures with temperature are caused by changes in material properties, in particular, the modulus of elasticity. To quantify the effect of temperature on natural frequencies, a single-span or multi-span prismatic beam made of an isotropic material is used as an example. Its undamped flexural vibration frequency of the order n is (Xia et al., 2012; Blevins, 1979 )
where λ n is a dimensionless parameter and is a function of boundary conditions, l is length of the beam, µ is mass per unit length, E is the modulus of elasticity, and I is the moment of inertia of cross-sectional area. It is assumed that variations in temperature do not affect mass and boundary conditions, but only geometry of the structure and mechanical properties of the material.
Description of the process of the evolution effect of multiple defects and temperature changes on structural natural frequency responses
In recent years, the use of simulation models to develop vibration based damage detection techniques has become very popular, because it is a less expensive and time-consuming procedure than investigation of real structures or experimental models. Also, an experimental setup is also a fairly difficult process. Since the Finite Element (FE) method has been widely accepted as an analysis tool in Structural Health Monitoring (SHM), the above mentioned constraints can be overcome by using a validated FE model to simulate the real structure (Moragaspitiya et al., 2013) . In this Section, a FE modeling method is used to obtain natural frequencies of the structure. FE models of the sample are developed utilizing the commercial FE package ABAQUS.
As shown in Fig. 1 , natural frequency responses of the structure are obtained from FE modeling of the intact and damaged structure. Then, the natural frequency responses of the structure are obtained for varying temperatures from −200 • C to 204 • C. This is illustrated in Fig. 2 .
Numerical simulation
In this Section, evaluation of the effect of multiple defects on natural frequencies of the 6063 aluminum alloy beam is discussed. Then, the effect of temperature changes on the natural frequencies of the 6063 aluminum alloy beam is investigated as well. 
Evaluation of the effect of multiple defects on natural frequencies
A 3-D FE model of the 6063 aluminum alloy beam has been created using ABAQUS (see Fig. 3 ). The overall dimensions of the beam are 400 mm×40 mm×0.16 mm. The material properties are listed in Table 1 . The clamped end of the beam has no rotation or displacement in any direction (see Fig. 4) . Finally, the model is analysed with a frequency step, and the natural frequency responses for 10 modes are obtained from the results. As shown in Fig. 5 , in order to investigate the effect of multiple defects on natural frequencies, several damage scenarios are simulated. Two types of damages are simulated (Table 2 ) and each is introduced using different extents to investigate the effect of multiple defects on natural frequencies. Free meshing is more suitable on the damaged section, thus free meshing with triangular and tetrahedral elements is utilized (see Fig. 6 ). The elements type, the total number of elements and nodes for the undamaged model and damage scenarios that are created in the model are shown in Table 3 . In each step, the damaged model is analysed with a frequency step of the natural frequency responses for 10 modes obtained from the results. Figure 7 shows the results of calculating the structural response to various damage cases to investigate the effect of multiple defects on natural frequencies. As shown in Fig. 7 , when damages are created in the structure, the natural frequencies responses of the 6063 aluminum alloy beam significantly decrease. The results show that the damage decreases the natural frequency of the structure. 
Investigation of the effect of temperature changes on natural frequencies
The investigation of the effect of temperature changes on natural frequencies is presented in this Section. For the purpose of this investigation, two types of scenarios are simulated to identify the effect of temperature changes on the natural frequencies ( Table 4 ). The first type of scenario, the intact model, is analysed with some frequency step, and the natural frequency responses for 10 modes are obtained. For the second type of scenario, a transverse crack is created on the model (see Fig. 8 ). The size of the transverse crack is 5 mm×0.17 mm×0.02 mm, and is located at a distance of 200 mm to 200.02 mm from the fixed end. Then, the damaged model is analysed and the natural frequency responses for 10 modes are obtained. Tables 5 and 6 show respectively the results of calculation of the undamaged and damaged structural response to various temperature cases presenting the effect of temperature on the natural frequency. Figures 9 and 10 respectively show the effect of temperature changes on natural frequency responses pertaining to undamaged and damaged structures. The results show that as temperature of the structure increases, the natural frequencies responses of the structure decrease. 
Conclusion
This paper reviews multiple defects and the temperature effect on variations in modal properties of the structure. This is the first study of evaluation of the effect of temperature changes and multiple damages on the natural frequency at the same time. The variations in the frequency are analysed in simulation by using an aluminum specimen obtaining impedance signatures at temperatures ranging from −200 • C to 204 • C. The results show that an increase in temperature leads to a decrease in the structural frequency, and that a decrease in temperature leads to an increase in the structural frequency. Therefore, temperature effects are a critical problem for structural health monitoring based on vibration responses, especially in detecting low damage levels. Efficient compensatory methods for temperature effects remain to be developed. The evaluation of the effect of multiple defects on the natural frequency shows that when damages are created in the structure, there is a significant decrease in natural frequency responses of the 6063 aluminum alloy beam. The results show that damage causes a decrease in the natural frequency of the structure. This study highlights the importance of application of simulation methods to the evaluation the effect of changes in environmental temperature and multiple damages on dynamic characteristics, such as natural frequencies and mode shapes, especially taking place at the same time.
